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ABSTRACT 
A h e a t  pipe s o l a r  r e c e i v e r  (HPSR) S t i r l i n g  engine genera to r  system f e a t u r i n g  
l a t e n t  hea t  thermal energy s t o r a g e ,  e x c e l l e n t  thermal s t a b i l i t y  and s e l f  reg- 
u l a t i n g ,  e f f e c t i v e  thermal t r a n s p o r t  a t  low system A T  i s  d e s c r i b e d .  The sys-  
tem has  been supported by component technology t e s ~ i n g  o f  h e a t  p ipes  and of 
thermal s to rage  and energy t r a n s p o r t  models which d e f i n e  the expected perform- 
ance of the system. Pre l iminary  and d e t a i l e d  d e s i g n  e f f o r t s  have been completed 
and manufacturing of HPSR components has begun. The modi f i ca t ion  of a  S t i r -  
l i n g  engine f o r  opera t ion  on condensing sodium vapor is  requ i red  dur ing  1981 
i n  o rde r  t h a t  the system can be committed t o  a  s o l a r  t e s t  a t  an e a r l y  d a t e .  
Addit ional  developments w i l l  inc lude the l a t e r  d e s i g n ,  c o n s t r u c t i o n  and t e s t  
of a  flame impingement combustor which can be d i r e c t l y  added t o  the e x i s t i n g  
system without major m o d i f i c a t i o n s .  A progress ive  development of t h i s  f i r s t  
prototype toward low c o s t ,  mass product ion hardware i s  expected f o r  wide s o l a r  
a p p l i c a t i o n s .  
SYSTEM DESCRIPTION 
The hea t  pipe s o l a r  r e c e i v e r  wi th  TES (HPSR) i s  a  h igh e f f i c i e n c y  s o l a r  r e -  
c e i v e r  and thermal s t o r a g e  system f o r  use a s  p a r t  of a se l f -con ta ined  15-25 
kWe S t i r l i n g  engine power convers ion system loca ted  a t  the  foca l  po in t  of a  
pa rabo l i c  d i s h  concen t ra to r  and opera t ing  a t  an engine  temperature of-152o0F. 
Its unique fea tu re  i s  the e f f i c i e n t  c o l l e c t i o n ,  t r a n s p o r t ,  s t o r a g e  and r e -  
t r i e v a l  of s o l a r  energy through the use of h igh temperature sodium hea t  p ipes  
and NaF-MgF2 l a t e n t  hea t  s t o r a g e .  
The concept of hea t  flow i n  the system and a  conceptual  des ign  of an advanced 
development system a r e  shown i n  Figures 1 and 2 .  The four teen  primary hea t  
p ipes  i n  the r e c e i v e r  d e l i v e r  hea t  through a  bulkhead i n t o  a  l a r g e  secondary 
heat  pipe con ta in ing  ( 1 )  73 c a p s u l e s ,  each 2 inches  i n  d iameter  and 33 inches  
i n  length  and con ta in ing  the  e u t e c t i c  f l u o r i d e  TES s a l t ,  ( 2 )  a  s h e l l - s i d e  hea t  
exchanger su r face  t o  accept  h e a t  from an e f f i c i e n t  flame impingement combus t o r  
and (3 )  the hea t  exchanger tubes of  a  S t i r l i n g  e n g i ~ e .  The primary h e a t  p ipes  
t r a n s f e r  heat  i n  one d i r e c t i o n  only  t o  prevent h e a t  Jess from the  'I'ES. Heat 
t r a n s f e r  i n  the secbndary h e a t  pipe i s  e f f e c t e d  i n  a   ear-isothermal manner by 
sodium vapor thermal t r a n s p o r t  without pumps, v a l v e s ,  c o n t r o l s  o r  flow sen- 
s o r s ;  the h o t t e r  s u r f a c e s ,  such a s  the primary h e a t  p i p e ,  condensers o r  the 
combustor hea t  exchanger r e j e c t  hea t  and the c o l d e r  s u r f a c e s ,  where hea t  is 
being e x t r a c t e d ,  accept  hea t  a t  near- isothermal  temperatures .  Di f fe rences  i n  
equ i l ib r ium vapor p ressure  w i t h i n  the system provide the  d r i v i n g  f o r c e .  Thus 
the system i s  s e l f  r e g u l a t i n g  i n  t h a t  the hea t  flow i n t o  and ou t  of the system, 
the  s to rage  o f  energy i n  the l a t e n t  heiit s a l t  and the  p rov i s ion  of hea t  t o  
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t h e  e n g i n e  a r e  b a s e d  upon minor  t e m p e r a t u r e  d i f f e r e n t i a l s  o c c a s i o n e d  by t h e  
o p e r a t i o n  o f  t h e  s y s t e m  i t s e l f .  S imple  t e m p e r a t u r e  i n s t r u m e n t a t i o n  w i t h i n  t h e  
i so the rma!  s e c o n d a r y  h e a t  p i p e  c a n  i n d i c a t e  t h e  s u b c o o l i n g  o r  s u p e r h e a t i n g  o f  
t h e  TES; t h e  t e m p e r a t u r e  s o u r c e  f o r  o p e r a t  i o n  o f  t h e  e n g i n e  r e m a i n s  r e l a t i v e l y  
s t a b l e  v a r y i n g  o n l y  w i t h  t h e  h T r e q u i r e d  t o  e x t r a c t  h e a t  f rom t h e  l a r g e  s u r -  
f a c e  a r e a  o f  TES m a t e r i a l  a t  low h e a t  f l u x  l e v e l s .  
The s m a l l  a p e r t u r e  o f  t h e  r e c e i v e r  r e d u c e s  c o n v e c t  i o n  anu r e r a d i a t i o n  l o s s e s  
which r e s u l  t s  i n  h i g h  r e c e i v e r  e f f i c i e n c y .  
The p roposed  f l ame  impingement c o m b u s t o r  o n  t h e  TES s h e l l  f e a t u r e s  a h i g h  g a s -  
s i d e  h c a t  t r a n s f e r  c o e f f i c i e n t  a p p r o a c h i n g  120 ~ t u i h r - f  t 2 - 0 ~ ;  sod ium-s ide  h e a t  
t r a n s f e r  c o e f f i c i e n t s  a r e ,  o f  c o u r s e ,  o r d e r s - o f m a g n i t u d e  h i g h e r .  The t e c h -  
n o l o g y  o f  f l ame  impingement c o m b u s t o r s  h a s  b e e n  w e l l  advanced  by Rasor  Asso-  
c i a t e s *  t h r o u g h  t h e  developtilent o f  l a r g e  t h e r m i o n i c  c o n v e r t e r s  and t h r o u g h  
d e m o n s t r a t e d  improvement< i n  c o m b u s t o r s  f o r  S t i r l i n g  e n g i n e s  u s i n g  s i l i c o n  
c a r b i d e  c e r a m i c  m a t e r i a l s  and advanced  impingement  c o m b u s t o r  d e s i g n  t e c h -  
,I i q u e  s . 
O t h e r  f e a t u r e s  o f  t h e  advanced  HPSR c o n c e p t  i n c l u d e  t h e  f o l l o w i n g .  F i r s t ,  t h e  
a l l - s t a i n l e s s - s t e e l  c o n s t r u c t i o n  made p o s s i b l e  ( 1 )  by  t h e  u s e  o f  d i s h e d  h e a d s  
on  i h e  s e c o n d a r v  h e a t  p i p e s  t o  min imize  t h c  s t r e s s e s  from v e r y  low d i f f e r e n -  
t i a l  p r e s s u r e  w i t h i n  and o u t s i d e  t h i s  h e a t  p i p e  and ( 2 )  by t ' e  u s e  o f  s e c -  
t i o n e d - s t i f f e n e d  s t a i n l e s s  s t c e l  fo rward  and a f t  s a l t  c a p s u l e  s u p p o r t  p l a t e s  
t o  c a r r y  a x i a l  l o a d s  from t h c  s a l t  c a p s u l e s .  S e c o n d ,  t h e  d e v e l o p m e n t  o f  r e -  
duced w i c k i n g  r e q u i r e m e n t s  f o r  s u p p l y i n g  sod ium w i t h  t h e  TES. T h i r d ,  i m -  
provement i n  S t i r l i n g  e n g i n e  e f f i c i e n c y  from 3 9 . 6 2  t o  a b o u t  43X by e n g i n e  
h e a t e r  head r e d e s i g n  t o  t a k e  a d v a n t a g e  o f  improved sod ium h e a t  t r a n s f e r  c o -  
e f  f i c i e n t s  a t  t h e  h e a t e r  t u b e s .  T h i s  l a t t e r  improvement i n  t u r n ,  d e c r e a s e s  
s o l a r  c o l l e c t i c , n  c o s t s ,  improves  TES s t o r a g e  t i m e  f o r  e q u i v a l e n t  w e i g h t  and 
c o s t  and r e s u l t s  i n  less  COE s e n s i t i v i t y  t o  i n c r e a s e  i n  f u e l  c o s t  f o r  t h e  
c o m b u s t o r  a s s i s t e d  s y s t e m .  The g e n e r a l  e f f e c t s  o f  t h e s e  e x p e c t e d  c h a n g e s  i n  
e f f i c i e n c y  and o f  t h e  v a l u e  o f  T E S  i n  i n c r e a s i n g  t h e  r a t i o  o f  s o l a r - t o - f o s s i l  
f u e l  u t i l i z a t i o n  a r c  s h o r n  i n  F i g u r e  3 ;  r e s u l t s  a r e  b a s e d  upon s y s t e m  p e r -  
formance and rconomic  a n a l y s i s  o v e r  a  one  y e a r  p e r i o d  o f  s i m u l a t e d  s o l a r  o p e r -  
a t i o n  of  h y b r i d  S t i : l i n g  s o l a r  s y s t e m s .  
The t e c h n o l o g y  o f  t h e  HPSR is  based  upon w e l l - f o u n d e d  h c a t  p i p e  and l a t e n t  
h e a t  s t o r a g e  d a t a  and e x p e r i e n c e  and upon r e l a t e d  h e a t  p i p e  and l a t e n t  h e a t  
s t o r a g e  d e v e l o p m e n t s  f o r  s p a c e  a p p l i c a t i o n s .  I n  a d d i t i o n ,  and s p e c i f i c  t o  t h e  
p r e s c n t  p rogram,  t h e  p r i m a r y  h e a t  p i p e  h :~vc  been  e x p e r i m e n t a l l y  t e s t e d * *  
i n  a l l  o p e r a t i n g  a t t i t u d e s  a s  i n d i c a t e d  i n  F i g u r e s  4 and 5 .  
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A modular TES exper iment  f e a t u r i n g  a  s i n g l e  primary h e a t  p ipe  and a  secondary  
h e a t  p ipe  c o n t a i n i n g  t h r e e  s t a n d a r d  d e s i g n  s a l t  c o n t a i n e r s  and a h e a t  e x t r a c -  
t i o n  c o i l  t o  s i m u l a t e  t h e  S t i r l i n g  eng ine  h a s  been d e s i g n e d ,  b u i l t  and testec! 
a t  i n i t i a l  d e s i g n  h e a t  f l u x  c o n d i t i o n s  on t h e  TES s a l t  c o n t a i n e r s .  T h i s  
modular t e s t  a ? p a r a t u s  was o p e r a t e d  s u c c e s s f u l l y  a t  a l l  o p e r a t i n g  a n g l e s  i n  
v a r i o u s  modes o f  c h a r g i n g ,  d i s c h a r g i n g ,  d i r e c t  h e a t  through-put  and mixed 
modes o f  o p e r a t i o n .  The t e s t  i n d i c a t e d  t h e  e x c e l l e n t  thermal  i n e r t i a  o f  t he  
sys tem ( l e s s  t han  2OFfmin. o u t s i d e  t h e  l a t e n t  h e a t  r a n g e ) ,  low A T a c r o s s  h e a t  
p i p e s  and i so the rma l  o p e r a t i o n  o f  t h e  secondary  h e a t  p i p e .  The components o f  
t he  sys tem and a  t y p i c a l  TES c h a r g i n g  cu rve  a r e  shown i n  F i g u r e s  6 and 7 .  
The above expe r imen ta l  e f f o r t  h a s  c o n t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  demonstra-  
t i o n  o f  t h e  v a l i d i t y  and expec t ed  performance demons t r a t i on  o f  t h e  thermal  
t r a n s p o r t  and s t o r a g e  c o n c e p t .  
SYSTEM DES I G N  
During t h e  p a s t  months a  p r e l  iminary  d e s i g n  h a s  been s u b m i t t e d ,  mod i f  i c a t i o n s  
i n  t h a t  p r e l i m i n a r y  d e s i g n  have been made t o  accommodate, a t  a l a t e r  d a t e ,  t h e  
a d d i t i o n  of  t he  flame impingement combustor t o  t h e  TES s h e l l  and a  f i n a l  de-  
t a i l e d  d e s i g n  has  been p repa red .  This  f i n a l  d e s i g n  of  a sys tem u s i n g  s United 
S t i r l i n g  P40 eng ine  and a  25 kWe i n d u c t i o n  g e n e r a t o r  i s  shown i n  F igu re  S .  
Sodium wicking  i s  i nc luded  i n s i d e  t h e  TES s h e l l  t o  pe rmi t  i n t e r n a l  h e a t  t r a n s -  
f e r  from the  flame impingement combustor ,  which can  be added a t  a  l a t e r  d a t e .  
Other  TES wicking i n c l u d e s  a r t e r i a l  wicks which p rov ide  l i q u i d  sodium from a  
pool i n  t h e  lower forward p a r t  o f  t h i s  l a r g e  h e a t  p i p e ;  t h e s e  wicks  feed wi re  
wicks on t h e  s u r f a c e s  of t he  primary h e a t  p ipe  condense r s  and on the  lower 
h a l f  o f  t h e  TES s a l t  c o n t a i n e r s .  The upper  h a l f  o f  t h e  s a l t  c o n t a i n e r s  a r e  
s u p p l i e d  w i th  sodium by g r a v i t y  r e t u r n  from t h e  eng ine  through a  d i f f u s i o n  
bonded a r t e r i a l  wick a t  t h e  r e a r  s a l t  c o n t a i n e r  suppor t  p l a t e  and ,  t h e n c e ,  
a long  wi re  wicks on t h e  s a l t  c o n t a i n e r s .  F igu re  9  shows t h e s e  d e t a i l s .  
The key c h a r a c t e r i s t i c s  of  t h e  p r o t o t y p e  d e s i g n ,  on which manufac tu r ing  work 
h a s  j u s t  begun, i s  shown i n  Table  1 .  With about  0 . 8  hour s  o f  l a t e n t  and sen-  
s i b l e  h e a t  s t o r a g e  t h e  e n t i r e  sys tem should  weight  about  2900 pounds. Higher  
engine  and system e f f i c i e n c i e s  t h a n  those  shown should  be ach i eved  w i t h  t he  
m o d i f i c a t i o n  o f  t he  P40 eng ine  h e a t e r  head f o r  o p e r a t i o n  on condens ing  sodium 
vapor .  
FUTURE EFFORTS 
During the  coming months t he  f i r s t  p ro to type  w i l l  be f a b r i c a t e d  f i L l e d  w i t h  
sodium, t he rma l ly  c o n d i t i o n e d  t o  a s s u r e  t h a t  a l l  t h e  a r t e r i a l  wicks a r e  f i l l t d  
and t h e  c a p i l l a r y  wicks a r e  s a t u r a t e d  w i t h  l i q u i d  sodium, t h e  sys tem w i l l  be  
sh ipped  t o  Edwards A i r  Force Base i n  l a t e  summer 1981 f o r  i n s t a l l a t i o n  and 
s o l a r  t e s t  on t h e  T e s t  Bed C o n c e n t r a t o r .  A key e lement  i n  t h e  assembly and 
o p e r a t i o n  of  t h i s  sys tem i s  t he  a v a i l a b i l i t y  o f  sodium h e a t e r  head v e r s i o n  of 
t h e  P40 S t i r l i n g  eng ine  which i s  t o  be s u p p l i e d  by J P L  f o r  assembly w i t h  t h e  
HPSR p r i o r  t o  sodium f i l l i n g .  Work h a s  n o t  s t a r t e d  y e t  on t h e  m o d i f i c a t i o n  



